The photoelectric properties and physical mechanism of AlGaN-based deep ultraviolet light emitting diodes (DUV-LEDs) with the superlattice p-type doping layer (PSL) are studied numerically and compared with the Al-composition (50%) conventional p-type layer AlGaN-based DUV-LEDs. The extraordinary design of DUV-LEDs with varied barrier PSL has been investigated by the advanced physical model of semiconductor device (APSYS) software by comparing the internal quantum efficiency, light output power, electroluminescence intensity, distributions of carrier concentration, and energy band diagrams. As a result of hole injection augmentation and electronic leakage reduction, the property of AlGaN-based DUV-LED with the PSL has been enhanced significantly. Moreover, the 55%-Al-composition of the superlattice barrier p-type doping layer greatly reduces the effective potential height for holes in the valence band, which is beneficial for hole injection from the PSL. The new structure improves the properties of DUV-LED and shows remarkable output performance.
Introduction
AlGaN-based deep ultraviolet light emitting diodes (DUV-LEDs) have drawn rather considerable interest in recent years because of a variety of applications in many areas, such as water and air purification, sterilization and biomedicine, optical storage, solid-state lighting, full-color display, and ultraviolet radiation detection of visible light and solar blind area [1] , [2] . However, external quantum efficiency is still not high for AlGaN-based DUV-LEDs with emission wavelength under 300 nm [3] , [4] , and reasons include high density dislocation in AlGaN templates grown on sapphire substrate, high ionization energy of Mg acceptor, and low injection efficiency for hole and feeble confinement for carriers [5] . Low hole injection efficiency and strong electron leakage are among the most important causes resulting in poor internal quantum efficiency [6] . In order to enhance the confinement of carriers in the active region, modulation-doped AlGaN/GaN superlattice (SL) [7] , Mg delta doping [8] , and short-period SL of AlGaN/GaN [9] are several methods to be applied. In addition, there are some studies to overcome low p-type conductivity and ineffective acceptor activation by Mg acceptor activation energy with increasing Al components linear in p-type Al x Ga 1−x N layers [10] , including the use of the following: Mg doped Al x Ga 1−x N/GaN superlattice structure [11] , polarization-induced p-type doping in graded AlGaN layers [12] , 12-stacked InGaN/GaN-graded superlattice (GSL) structure [13] . Consequently, a high hole concentration is generated throughout the material and has been achieved up to 1.1 × 10 18 cm −3 , which is raised about one order of magnitude than before direct doping GaN [11] . What's more, the method of polarization doping can obtain p-type layers with high conductivity in high-Al-component AlGaN material [12] and the GSL can reduce the strain-induced piezoelectric field in the active region, thus increasing confinement effect of carriers and the luminous intensity [13] .
In this study, we focus on the p-type doping layer of AlGaN-based DUV LEDs. After a sequence of investigation and analysis, we designed special structures which replace the conventional p-type AlGaN layer with a superlattice p-type doping layer above the EBL for improving the performance of LEDs. The extraordinary design of DUV-LEDs with varied barrier PSL and conventional structure has been investigated numerically by APSYS, and the performance of the new structure has enhanced significantly. To explain the phenomenon, we simulated carrier concentration distributions and energy band diagrams in order to make the physical mechanism clear [14] .
Structures and Parameters
The schematic diagrams of DUV LEDs are shown in Fig. 1 . The aggregate thickness of new structure's superlattice is 100 nm as the same as structure D, the only difference between three new structure is that different Al-composition of superlattice barrier p-type doping layer are 50%, 55% and 60% in Structures A, B, and C, respectively.
In the simulation, the band-offset ratio is set to be 0.7/0.3 for AlGaN materials [15] , the ShockleyRead-Hall (SRH) recombination time and Auger recombination coefficient are assumed to be 1.5 ns and 1 × 10 30 cm 6 /s, respectively [16] . The operating temperature is assumed to be 300 K and the device geometry is fabricated into a rectangular shape of 300 × 300 μm 2 [19] . Considering the screening by defects, 50% of surface charges densities are set using the Fiorentini et al. model [17] , [18] . The majority of parameters of simulation in this paper are to be based on parameters of our group [20] , [21] .The other material parameters used in the simulations can be found in [22] .
Simulation Results and Discussion
In order to investigate whether the new structure with Al-composition variation of superlattice barrier p-type doping layer exhibits better performance than the conventional one in AlGaN-based DUV LED, we have run to APSYS simulation soft, comparing the IQE, the optical power, and the EL of Structures A, B, C and D. Fig. 2 and 3 exhibit the corresponding current-dependent IQE and light output power. We can discover that Structure B displays the lowest efficiency droop with increasing injection current among other three structure from Fig. 2 . When current increasing to 150 mA, the IQE of Structure B reached 75.4%, and then decreased dilatorily to 74.1% at 300 mA injection current. The efficiency droop in structure B is 1.7% within the whole injection current range, which is the lowest efficiency droop. Meanwhile, the droop value is 51.4%, 16.2% and 78.5% in Structure A, C, and D, respectively, when the efficiency is defined as (IQE max −IQE 300 mA )/IQE max . The conventional device has the poorest performance while without superlattice p-type doping layer (the black line). All of these data indicate that the performance of devices with new structure owning superlattice p-type doping layer is dramatically improved, especially with 55%-Al-composition of superlattice barrier.
As shown in Fig. 3 , despite the fact that the optical output power of four structures increases with increasing injection current, the value of Structure D is much lower than that of Structure A, B, and C at a same injection current, especially under a high injection current. For example, the optical output power of Structure D only reached 167 mW as injection current increased to 300 mA, while that of Structure B reached 911 mW, which implies the optical output power of Structure B is near six times as high as output power of Structure D at 300 mA. It also reflects that the optical power of new structure with PSL is superior to the conventional structure. Moreover, through comparison between new structures with three different Al-composition of superlattice barrier p-type doping layer, we have found that the optical output power of Structure B increases more steeply than the other two structures as injection current increases, and reaches to 911 mW at 300 mA, which is 55% and 13% higher than Structure A and C, respectively. It indicates that after applying the 55%-Al-composition of superlattice barrier p-type doping layer for AlGaN-based DUV LEDs, the optical output power have been improved effectively.
Then the electroluminescence density spectra at current of 300 mA are illustrated in Fig. 4 . As shown in Fig. 4(a) , peak wavelengths of four structures are close to 304 nm, obviously appearing the light is situated in deep ultraviolet spectrum. We can discover that the EL density of Structure B is almost as five times as that of Structure D, and the light of Structure B exists a slight blue shift as compared with Structure A, C, and D. It turns out that Structure B has outstanding photoelectric performance using the 55%-Al-composition of superlattice barrier p-type doping layer.
To understand the hidden reason behind the output performance, we try to research the carrier concentrations distribution of the four structures. The profiles of carrier concentrations at 300 mA for Structure B and Structure D are illustrated in Fig. 5 . As we know, the hole concentration and conductivity in the p-doped layer have an effect on the electroluminescence performance for DUV LEDs [5] .
As shown in Fig. 5(a) , the new structure has a more uniform concentration than conventional structure in p-type layer, which will be more beneficial for holes to remove from p-doped region to the active region. It is clearly seen that Structure B possesses higher hole concentration than Structure D in both active region and EBL from the figure. The calculated electron distributions of two structures at 300 mA are demonstrated in Fig. 5(c) . For Structure B, the leaked electron concentration in pAlGaN layer is lower than that in Structure D, in other words, the electronic leakage of new structure is suppressed strikingly in comparison with that of conventional structure. It is common knowledge that electrons could capture holes when electrons leaking into p-doped region before holes arriving at the active region, thereby making the hole injection efficiency decrease [23] . As a result, the remarkable reduction of electron leakage conduces more electrons to participate in the radiative recombination and achieves higher hole injection efficiency in Structure B.
The enlarged drawing of the carrier concentration around the active region in two structures are shown in Fig. 5(b) and (d) . It can be seen that hole concentration of structure with varied superlattice p-type doping layer is higher than that with conventional p-type layer inside the QWs. There will be more holes into the active region to participate in the radiative recombination. Although the electron concentration of two structures has no evident changes, the electronic leakage is suppressed due to increase in the radiative recombination. The electron concentration in the last quantum barrier close to p-side in new structure is slightly below those in the conventional structure. Nonetheless, the electron concentration of Structure B is approximately 3.16 × 10 18 cm −3 in 1.464 μm, which is higher than the corresponding hole concentration 1.38 × 10 18 cm −3 . Therefore it does not affect the radiative recombination, and hence, has little impact on the output performance of devices. Furthermore, the electroluminescence (EL) emission intensity is markedly enhanced which is due to the augment of recombination rates of new structure, as illustrated in Fig. 4 .
On the other hand, we calculated the band diagram of Structure A, B, C, and D at 300 mA by APSYS. As shown in Fig. 6(a), (b) , (c) and (d), the grey area is 100 nm p-doped AlGaN layer and red dotted lines are quasi-fermi level. It is known to all that the energy band at the last quantum barrier in conventional structure will be pulled down on account of the piezoelectric and spontaneous polarization fields [20] . In addition, hole and electron wave functions will be dispersed seriously owing to the energy band bending, that makes not only electrons confinement in the active region but also holes injection from p-doped layer difficult. As illustrated in Fig. 6(d) , the effective potential height for electrons in the conduction band of Structures D is 591 meV, and the corresponding value of Structures B and C are 772 and 638 meV, respectively which indicates that new structure is capable of increasing the effective potential height for electron and suppressing electron overflow afterwards, in the meantime, enhancing the electron confinement. In particular, the effective electron potential height of Structure A is 588 meV, which is 3 meV lower than that of Structure D. There is little difference regarding electrons, what is more, the effective hole potential height for Structure A is 432 meV much lower than the conventional structure. The injection efficiency of holes into the active region from the p-type layer can be greatly improved for Structure A, whose performance is therefore way better than Structure D. Meanwhile, the effective hole potential height in valence band reduces from 482 to 329 meV as demonstrated in Fig. 6(b) and (d) , which is positive for holes to remove from p-doped layer. Therefore more carriers are confined in the active region for new structure, facilitating enhancement of holes injection efficiency. For interior physical mechanism reason, we infer that the new structure would have excellent output performance and show a good emission efficiency.
Conclusion
In summary, the conventional p-type layer of AlGaN-based DUV LED can be replaced by the superlattice p-type doping layer (PSL) and even varied barrier-Al-composition of PSL. The performance characteristics of devices with new and conventional structures have been investigated numerically by using the software APSYS. Internal quantum efficiency, light output power, electroluminescence intensity, distributions of carrier concentrations, and the energy band diagrams were analyzed. The results prove that structures with PSL could improve the performance of LEDs markedly, especially when the barrier-Al-composition of PSL is as high as 55%. Moreover, applying superlattice p-type layer productively increases the effective barrier height for electrons in the conduction band and decreases the effective barrier height for holes in the valence band, which would be beneficial to effectively suppress the electron leakage and augment hole injection. At the same time, more electrons and holes were confined in the quantum wells, increasing the radiative recombination rate. Therefore, the adoption of superlattice p-type doping layer in the structure to improve the overall performance AlGaN-based DUV LEDs is reasonable and promising. As well known, high-Al-composition p-type AlGaN materials are still difficult to obtain under present experimental conditions. It does however provide a novel approach to improve the light efficiency and output performance of AlGaN-based DUV LED that is valuable to research.
